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Abstract 


Carbon capture and storage (CCS) technology is one important option to reduce CO, emissions, however social, political and 
mainly economic barriers limit its implementation. A combination of CCS-geothermal technologies can contribute to achieve 
faster this reduction and to decrease costs by sharing injection wells, using CO, instead of water as heat transfer fluid, thereby 
lowering water consumption and saving pump costs. It can also change public perception towards CCS. This technology is 
currently in mature level, allowing to store CO, ina safe way. Moreover all knowledge acquired on CO) storage and monitoring 
can be also used for geothermal energy. 


© 2017 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/). 
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1. Introduction 


Carbon capture and storage (CCS) technology has been demonstrated as a feasible possibility to reduce CO, 
emissions. The combination of CCS with geothermal power plants by circulating CO, through the reservoir for the 
purpose of heat extraction can contribute to the CO, emissions reduction and in certain cases even reduce costs. 
Since the 90's, research & development on CCS has been progressing and the technical knowledge obtained by 
years of research can serve as support for low carbon energy programs. The first demonstration CCS project in the 
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Nomenclature 

CAPEX Capital expenditure 

CARBFIX _ European project for permanent CO) storage in basalts. 
CCS Carbon capture and storage 

CCUS Carbon capture, utilization and storage 

EGS Enhanced geothermal system 

EC European Commission 

ECBM Enhanced coal bed methane 

EEPR European energy program for recovery 

EERA European Energy Research Alliance 

EOR Enhanced oil recovery 

ETRI Energy Technology Reference Indicator 

EU European Union 

FP7 7" Framework Programme funded European Research and Technological 
GSHP Ground source heat pump 

HSA Hot Sedimentary aquifer 

JRC Joint Research Centre EU 

KPI Key performance indicator 

LCOE Levelized costs of energy 

NER300 New entrants’ reserves (300 million emission allowances — EU emissions trading system) 
NREAP National Renewable Energy Plan 

OPEX Operational expenditure 

R&D Research and Development 

SET-Plan Strategic Energy Technology Plan EU 

USA United States of America 


world was created in the Norwegian offshore, at Sleipner field in the North Sea, where | million CO, tons per year 
has been stored since 1996 in approximately 1 km depth. The results obtained served as best practice manual for 
other further projects. Since then, knowledge on CCS has progressed, especially on storage efficiency, monitoring, 
geochemical properties, capillary trapping and the interfaces between plumes and water. 


The idea of combining CCS and geothermal energy is not new and has been investigated from different 
perspectives such as reservoir engineering ([1] & [2]). A conceptual model of an EGS (Enhanced Geothermal 
Energy)-CCS plant is provided in Figure 1. EGS plants require significant amount of make-up water to compensate 
for losses into the subsurface. In a combined CCS-EGS plant this water can be replaced by CO, in supercritical state 
that might then be stored permanently. The use of CO) as heat extraction fluid can be an alternative, which is more 
efficient than brine, for example. 


This paper is based on a literature review and highlights the potential cost reductions and advantages of 
combining CCS and geothermal energy technologies, focusing on Europe. 
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Fluid losses / CO storage 


Figure | - Schematic overview of an EGS power plant (left) and how CO) (green lines) can replace water as the circulating fluid 
in the system. 


2. Current status of CCS 
2.1 Progress on CO; storage (last 20 years) 


Carbon capture and storage has gained political attention in Europe since 2005. The first CCS communication 
from the EU is dated back to 2006 [3] . In 2007, CCS was included in the European agenda as an important tool to 
keep in control the climate change. In 2009, the first EU directive on CCS was published and then several funding 
mechanisms for R & D and demonstration projects have been created such as EEPR and NER300. 


However, a large scale CCUS project is not in operation in Europe and some of current projects have been 
recently cancelled. The majority of these projects is plagued by financial constraints and/or regulation. This was the 
case for Janschenwalde project in Germany and the postponed project Porto Tolle in Italy (both funded by EEPR). 
The most recent CCS project put on hold is White Rose, in UK. In November 2015, the UK government has 
withdrawn its participation and nowadays the project is looking for new partners. In Fig. 2, the main projects and 
stakeholders in Europe are listed. 
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Carbon Capture, Transport and Storage (CCS) in Europe 
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Figure 2 - Main CCS projects in development or "on hold" in Europe, 2016. (Source: EERA, 2016) 


Around the world currently there are 15 large scale projects. The main CCS projects are implemented in USA 
and Europe and their capture capacity is 28 Mtonnes CO,/year. To make significant reductions to CO, emissions in 
2050, it will be necessary to install much more capture capacity than planned; the expectation is that the global 
capture capacity grows in 2050 to reach 40 MtCO,/yr [4]. The progress on CO, storage is even slower since up to 
the end of 2014, from all captured CO;, only 5.6 million tons have been stored and follow a monitoring plan [5]. 


Differently from Europe, the CCUS agenda in USA is always led by the oil and gas industry: Enhanced oil 
recovery (CO2-EOR) has been a catalyst for the development and advance of CCS by the industry ([6]). Obviously 
there are different regulations and policies between Europe and USA but in both regions, the plan is that more than 
10% of CO, emissions reductions should come from CCUS projects in 2030. [7] 


Eleven new projects have started in 2015 in the entire world and some are projected to start between 2016 and 
2020. A summary of these projects is showed below as compiled by Global CCS Institute in 2015: 
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Figure 3 -Current and future expected operation CCS projects in the world [8]. 
2.2- CQ, storage 


Storing CO, in geological formations is a promising remediation to reduce CO, emissions. The CCS 
technology has been progressing in the last 20 years; some knowledge and regulation gaps have now been 
addressed. Achieving significant cost reductions will require a sustained amount of R&D and demonstration 
projects, in order to demonstrate alternative lower-cost solutions (e.g. combined CCS- geothermal energy [9]). 


The research about CO, storage has progressed on topics such as storage efficiency, monitoring, 
geochemical properties, capillary trapping, interfaces between plumes and water. Surely, the most progress has been 
done for deep saline aquifers, due to the investments from oil and gas industry. Synergies with geothermal energy 
are also a new issue which can even reduce the costs linked to CO; storage. 


From a research point of view, several projects have been developed to answer questions linked to safety, 
assessment methodologies and analyse of the risks. 


Public acceptance has become an important barrier for the deployment of CO, storage demonstration projects. 
Some resistance from local governments and population stopped a CCS project, as seen in Barendrecht[10] (the 
Netherlands). As a consequence of the last example, the Dutch government has taken a decision to store CO) only in 
offshore. 


To put CO, underground is currently possible via the following options: deep saline aquifers; deep coal bed 
methane; combined or in use in enhanced oil recovery (EOR); in depleted oil/gas reservoirs. The majority of 
international projects (USA and China, for example) are been developing combined CO, and EOR projects. 
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Most recently at least two projects for storage in porous basalts are under development in USA (Wallula, 
Washington) and Iceland (CARBFIX). The latter project received EU funding via FP7 (project number 283148). 


Research and development projects have concentrated in the injection of CO, in saline aquifers. These 
seem to hold the largest reservoir capacity for CO), thus the expectation of being the most efficient way to store 
CO,. The concept of CO, efficiency, in numerical values, has been recently introduced in the technical literature by 
Bachu [11]. This can be measured by several factors: 


-Type of aquifer 

- Permeability and capillary entry pressure 

- Characteristics of CO, storage operation 

- Regulatory constraints such as the maximum bottom-hole injection pressure. 


In summary, the detailed characterisation of the injection site translates in values that can give a better estimation 
of CO, storage reserves and then to conclude about their efficiency. The project ECCO supported by EU (FP7 
number 218868) offers the modelling possibility to measure the efficiency for the complete CCS chain. The goal of 
this project was to answer how much CO, can be stored, for how long time and how much it would cost. 


3. Current status of geothermal energy 


Geothermal energy is derived from the thermal energy generated and stored in the earth interior. The energy is 
accessible since groundwater transfers the heat from rocks to the surface either through bore holes or natural cracks 
and faults. Geothermal energy is a commercially proven renewable form of energy that can provide constant power 
and heat. 


The geographical distribution of heat within the Earth's crust is highly variable. Highest heat gradients are 
observed in areas associated with active tectonic plate boundaries and volcanism. 


A hot rock formation with natural fractures and/or porous structure where water can move due to convection is 
termed hydrothermal reservoir. These have limited distribution in EU and can only be exploited locally and in some 
cases regionally. The technologies associated with hydrothermal power and heat production may be considered as 
mature. A hot sedimentary formation where there is no natural convection and heat is distributed by conduction is 
on the other hand termed Hot Sedimentary Aquifer (HSA) which is a sub-category of Enhanced geothermal Systems 
(EGS). HSAs have more widespread occurrence than hydrothermal reservoirs. A hot crystalline rock formation with 
insufficient or little natural permeability or fluid saturation that needs to be stimulated to allow for movement of 
water is termed petrothermal EGS. In HSA and petrothermal EGS, fluid is injected into the subsurface where it is 
heated up on its way to production wells that divert the hot water to power and heat production facilities before it is 
re-injected to start another cycle. The EGS technologies are proven on small scale since 2007 but are still in 
development process. To date, the large majority of geothermal energy stems from hydrothermal resources whereas 
one petrothermal EGS and three HSA EGS in operation exist within the EU. 


The geological potential (heat in place) for geothermal power in Europe and the world is very large and exceeds 
the current electricity demand in many countries. However only a small portion of the heat in place can be 
realistically extracted for power production and the heat in place is therefore often translated into economic potential 
measured using the levelized cost of energy (LCOE). The geothermal energy potential using LCOE value less than 
EUR 150 /MWh in 2020 is 21.2 TWh which is considerably higher than the planned 11 TWh production in the EU 
member states (MS) according to their National Renewable Energy action plan (NREAP) for the same year. For 
2030, assuming LCOE of EUR 100 /MWh, the economic potential could reach 34 TWh or | % of the projected 
total electricity production in the EU [12]. The same authors estimated the economic potential to grow to 2570 TWh 
in 2050 (as much as 50 % of the electricity produced in the EU) mainly due to economies of scale and innovative 
drilling concepts. However, innovative drilling concepts not relying on mechanical drilling have been in 
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development for many years and to date, none has been demonstrated to reach the depth needed for high 
temperature geothermal applications. It is clear that EGS has to be fully demonstrated before the 2030 and 2050 
predictions are realized. 


4. Combining CCS and Geothermal Energy 


The SET-Plan Integrated Roadmap [13] has identified drilling, reservoir stimulation and management as key 
research priorities in the geothermal sector due to their high contribution to capital costs. The goal for drilling 
research activities is to lower the cost by 25 % from the current estimated price of EUR 10 million for a 5 km well 
either by optimizing current drilling technologies or by developing novel drilling technologies. For reservoir 
stimulation, the aim is to lower costs by 25 % from the current EUR 4-8 million for each enhanced geothermal 
system. 


Annex I of the Integrated Roadmap further identifies resource characterisation, site monitoring and increasing of 
public awareness as key research priorities shared by the geothermal and CCS industries. And though the 
geothermal and CCS sectors define different goals for the similar priorities, they can both benefit from common 
research incentives. 


CO, has been suggested as a "heat transmission fluid" with advantages such as low viscosity and/or higher flow 
rate than for conventional gas reservoirs. This can result an increase of apparent permeability. The same CO, 
leakage monitoring techniques may be applied in all sectors although the scale of injection activities will be much 
higher for CCS than the other sectors in the long run calling for more sensitive monitoring methods for geothermal 
and unconventional fossil fuel extraction. 


However to have an efficient combination of CCS and geothermal energy technologies, some improvements 
should be made, as suggested below: 


- A thorough mapping and characterisation of the subsurface may contribute to the more accurate identification 
of CO, storage volumes and at the same time reduce the risk of future geothermal projects being initiated in areas 
where probability of success is low. In some circumstances, identified geological formations may suit for the two 
technologies, i.e. CO. may be used as the heat transfer fluid from the formation to the surface installations. 


- Better geophysical tools for site characterisation may enable faster characterisation and better leakage risk 
assessment for CCS and could decrease abandoned geothermal projects by up to 25 %. 


- Improving monitoring methods may enable more accurate detection of moving CO, plumes/escape and fracking 
fluids (and chemicals therein), lower cost (through automated and more robust instruments) monitoring campaigns 
(mass movements and seismics as well as geochemical monitoring) both in the CCS and geothermal sectors. More 
accurate monitoring and reporting during well stimulation and injection/production operations may increase public 
confidence in the competence of site operators. Automation of monitoring systems is especially relevant for CCS 
projects as they will need to be monitored for several years after injection activities have been terminated. Emphasis 
on funding of projects setting up guidelines of monitoring methodologies and campaigns that can be applied in the 
CCS, geothermal and fracking sectors would be of high value. 


Although drilling is not mentioned in the CCS section of the Integrated Roadmap, cheaper drilling cost developed 
for geothermal plants will lower the cost of CCS injection wells (that do not need to be as deep as geothermal wells). 
Since the public acceptance regarding CO, storage is not always positive (e.g. the Barendrecht project in the 
Netherlands), it may be better accepted to couple CCS with geothermal energy, which has been seen as renewable 
energy source. The technical knowledge and experience obtained from the several CCUS past projects can also be 
useful for geothermal energy or combined projects between geothermal energy and CCUS. The geothermal sector 
should follow developments from the oil and gas industry on horizontal drilling and well completion. The size and 
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orientation of a fracture is dictated by the in situ stress field around the well. At high depths, the maximum principal 
stress is vertical due to overburden. Therefore vertical fractures propagate parallel to the maximum horizontal stress. 
Horizontal wells drilled parallel to the minimum horizontal stress have been shown to intersect up to at least 50 
fracture zones that may then be stimulated during well completion. The intersection of multiple fracture zones is 
crucial for long term operation of geothermal systems since the rule of thumb predicts that one stimulated fracture 
zone is only able to sustain approximately 2 MW of power production. Fluid flow may be increased without too 
much injection pressure and lower flow velocities decrease the risk of scaling. 


Table 1. Main advantages to combine CCS and Geothermal energy 


Technical Economic Social Others 
Reservoir engineering Savings on pumping Better public Large geographical 
costs acceptance distribution in the world 


The use of CO, as heat transfer Variation of capital 

fluid costs due the 
different reservoir 
conditions (e.g. 
depth, temperature, 


permeability) 
Reduction of water Levelized cost of 
consumption in geothermal electricity (LCOE) 
energy. lower with 


increasing reservoir 
depth and resource 
temperature. 


Exchange of geological data 
and the use of similar 
technologies 


4.1 - Levelized cost of electricity (LCOE) 


The capital costs of geothermal energy vary significantly, with the depth and temperature of the reservoir as well 
as the permeability being the main factors affecting the costs. Drilling may constitute 30-50% of capital costs of an 
electric power plant. Geothermal plants relying on hydrothermal reservoirs are the cheapest power plants. Enhanced 
geothermal systems (EGS) are the most expensive but may become the most important plants in the future due to 
limited occurrence of hydrothermal systems. An EGS plant relies on the creation of a reservoir deep in the 
subsurface from where heat is extracted with a circulating fluid. Geothermal power plants have high CAPEX but 
due to their high capacity factors, their LCOE are comparable to other technologies. CAPEX and OPEX estimations 
and future cost reductions were provided in JRC report [14] for Europe. Based on these values, LCOE can be 
calculated and compared to CCS (Figure 4). 
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Geothermal flash 
Geothermal ORC 
Geothermal ORC-EGS 
CCGT-CCS 

Pulv. coal supercrit. CCS 
Fluidised bed lignite CCS 
Pulv. coal supercrit. CCS oxy 
ISCC CCS pre 

IGCC lignite CCS pre 


Figure 4- LCOE of different energy technologies. Calculations based on ETRI 2014[14]. Solid bars: Current LCOE (low-high 
CAPEX). Shaded: Possible cost reductions until 2050. 


Certainly geothermal energy can be more attractive than CCS but there are some natural limits to use the former, 
individually, such as the relative small market share in Europe, about 0.2% ([15]), and also due the necessity to 
prove that EGS works under different geological conditions. In a technologically optimistic scenario, geothermal 
plants could theoretically use CO, as a working fluid. This could strengthen the industrial interest in geothermal 
energy, as it could help meet two EU mandatory targets in Europe, namely the penetration of renewable energy and 
the reduction of CO, emissions. 


This combined technology is new, taking in account that there are no large-scale commercial CCS plants and 
because hydrothermal sources are limited in Europe. Currently an international pilot project (CO2-dissolved) is 
been developing in France [16] in cooperation with Germany. 


4.3— Main barriers 


The main barriers for CCS are detailed below (Table 2). They are political, social and mainly economical. 
Technically, CCS is a mature technology and it's ready to be deployed. 


Table 2. Barriers and difficulties to deploy CCS in different levels 


Barriers Capture Transport Storage Monitoring 
Economic High High High Medium 
Policy Medium Medium High Medium to high 


Technology Medium to low Low to very low Low Low 
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Concerning geothermal energy the main barriers for a commercial deployment are also economic and political; it 
is convenient to assess these for each sub technology. 


Table 3. Main barriers to deploy Geothermal Energy for different sub technologies. 


Barriers EGS Hydrothermal Hydrothermal Ground Source Heat 
Power production district heating Pump (GSHP) 

Economic High High High High 

Policy Medium Medium High 

Technology Low to very low Low 


Finally the main barriers of combined CCS and geothermal energy are economic, political and also technological, 
since it's a new technology and some adaptations should be done, such as: 

- The proximity of localization of source of CO, 

- The geochemistry of supercritical CO, 

- Reservoir connectivity. 

- CO, monitoring 

- The design and optimization of turbines to allow the heating exchange between CO, and geothermal. 


5. Perspectives 


The use of supercritical CO, in combination with EGS technology is expected to be cost effective based on 
existing coal fired power plants which can operate 24 hours/day. The combined EGS-CCS potential depends of 
several factors as mentioned before but an important commercial benefit is to bring both technologies to the market. 


The market for geothermal energy is still small in Europe mainly due to the limited hydrothermal sources. 
Coupling this technology with CCS using the infrastructure from oil and gas industry can obviously increase this 
market. However some important needs should be addressed such, the localization of CO, source, proximity of the 
EGS to a smart grid, safe reservoirs to avoid CO, leakage, detailed studies on geothermal potential of the site where 
EGS can be installed; price of other source of energy (e.g. oil and gas). 


6. Concluding remarks 


Combining CCS and geothermal energy requires some technological adaptations and new research projects 
should focus on storage: the majority of storage sites considered for CO. injection is concentrated in sedimentary 
basins. Currently there are some studies testing the efficacy of CO. injection in basalt and preliminary results show 
that trapping mineralisation can be faster in basalts. These can represent an alternative for CO, storage in the future. 
Another point concerning storage reservoirs is to reduce the remaining uncertainties, using new modelling, making 
detailed experiments and taking in account risks and assessments. 


The characterisation of injection sites, the choice of the best method to transport CO, and an accurate monitoring 
plan, during and after injection is the key requirements to create a commercial CCS project. This can increase costs. 
However the combination of CCS and geothermal energy can reduce the costs both technologies in the future due 
the use of the same drilling techniques and exchange of geological data. The use of CO, as heat transfer fluid 
represents the most efficient way for geothermal energy deployment. 
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Similarities exist in both technologies (CCS and geothermal energy) with regards to exploration, the design 


process of projects and the necessity to detail the geological subsurface. The possibilities to share geological 
information and data are very large. 


Finally, beyond the economic advantage of this combined technology, the public perception can be more positive 
towards CCS projects, if these are linked to a renewable energy source such as geothermal. Moreover for safety 
reasons, detailed and sophisticated monitoring should be carried out in all operations using CO, (due to lateral and 
vertical CO, migration underground) and since it is necessary to use different techniques (seismic to geochemical) 
for several years after injection (during and post CO, injection periods) and until the complete assurance of no 
leakage, this should reduce the risks of a combined CCS-geothermal project. 
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